The determinants of systolic function in the performing heart are not completely understood. Aim of the study was to assess the contributors of left ventricular (LV) strain components, using 3D speckle tracking echocardiography (STE) in endurance athletes.
Introduction
The prolonged isotonic exercise, which endurance athletes regularly undergo, produces sinus bradycardia and a number of cardiac modifications, which include left ventricular (LV) and atrial enlargement as well as increased LV mass. 1 -3 In this context, LV diastolic function is normal or even supernormal. Ejection fraction (EF) at rest can be slightly elevated, normal, or even marginally reduced, nevertheless showing an increase during exercise, when LV structural adaptation due to chronic volume overload leads to a progressively decrease of LV end-systolic volume (ESV) without substantial changes of end-diastolic volume (EDV). 4 Also LV myocardial deformation features of the athlete's heart, despite extensively analysed with the use of Doppler strain and 2D and 3D speckle tracking echocardiography (STE), 5 -17 represent a controversial issue. Two-dimensional-derived global longitudinal strain (GLS) of athletes appeared to be significantly increased at rest in comparison with healthy sedentary controls. 5, 6, 10 However, other observations failed to show significant changes of GLS in athletes 11, 12 and in some studies GLS was even lower than in controls. 8, 13, 14 LV twist was increased in strength and reduced in endurance athletes, while apical circumferential strain was reduced in endurance compared with strength athletes and controls. 11 By using 3D STE, GLS and global circumferential strain (GCS) did not differ among sedentary controls and athletes with tricuspid or bicuspid aortic valve, 15 whereas values of GLS, GCS, and global radial strain (GRS) were lower in strength athletes than in sedentary normals in one single study. 16 In the trained heart, determinants of cardiac performance have been previously investigated, showing how LV chamber systolic function could be dependent on preload, afterload, and on LV mass and sinus bradycardia. 17 -19 Conversely, determinants of LV myocardial deformation properties in the athlete's heart are poorly known. Conceptually, this issue can be deeply investigated by using real-time 3D STE. This technique has in fact the advantage to assess LV deformation inside a volumetric image rather than into bidimensional sections, and to calculate all the strain components within the same heartbeat, i.e. at the same heart rate (HR) and under the same loading conditions. These circumstances cannot be obtained by 2D STE which needs the acquisition of multiple views to determine the different directional strains. Accordingly, aim of our study was to evaluate determinants of the different spatial strain components by real-time 3D STE in a population including competitive endurance athletes and sedentary healthy subjects.
Methods

Study population
We enrolled 36 top-level competitive endurance athletes (AT) [8 water-polo players from the Acquachiara team, involved in the first division Italian championship, and 28 rowers from Circolo Remo e Vela (Naples, Italy)] and 36 age-matched sedentary normal controls (NC). All of the subjects were male. To be eligible, athletes had to be engaged in a training programme of at least 30 h/week in the past 4 years. They were examined during the annual intense training period, at least 24 h after last athletic activity. All participants gave written informed consent to the procedures before entering the study. They were judged to be free of cardiac disease on the basis of negative medical history, normal physical examination, 12-lead ECG, and standard echo Doppler examination. None had any disease or injury in the 4 weeks prior to the beginning of the study, nor were taking any medication, alcohol, or cigarettes. Subjects were excluded because of more than mild valve heart disease, primary cardiomyopathy, pericardial disease, cardiac arrhythmias, and inadequate quality echocardiograms.
Standard echo Doppler exam
Echo Doppler and real-time 3D exams were performed by a Vivid E9 ultrasound scanner (Horten, Norway) equipped with a 2.5 MHz phased-array transducer according to the standards of our laboratory. 20 Blood pressure (BP) and HR were measured at the end of the echocardiographic exam. The quantitative analysis of the left ventricle was performed as recommended. LV mass was calculated by M-mode and normalized for body surface area (BSA). Left atrial volume was measured at LV end-systole (average of measurements in apical fourand two-chamber views), by using area-length method and indexed for BSA [left atrial volume index(LAVi)]. 21 Transmitral pulsed Doppler was recorded in the apical four-chamber view. Early (E) and atrial (A) peak velocities (m/s) and their ratio and E velocity deceleration time were measured. By pulsed tissue Doppler, early diastolic velocity (e ′ ), atrial velocity (a ′ ), and systolic velocity (s ′ ) were measured in apical fourchamber view at both septal and lateral mitral annulus and averaged. 22 The ratio of transmitral peak E velocity to peak e ′ was calculated as an estimate of LV filling pressure by averaging e ′ of the two annular sites (septal and lateral: E/e ′ ). 22 All the above mentioned echo Doppler measurements were averaged from three cardiac cycles.
Real-time 3D echocardiography
Real-time 3D echocardiographic examination was performed and analysed according to our previous reported procedures. 23, 24 A full-volume scan was acquired by harmonic imaging from an apical approach, using a frame rate (in volume per second) higher than 40% of the individual heartbeat in order to increase the possibility that the 'speckles' could be recognizable in successive frames. Accordingly, four electrocardiogram-gated consecutive beats were acquired during end-expiratory apnoea (multi-beat acquisition) to generate the full volume from single-beat sub-volumes. The quality of acquisition was verified in each patient, before storing the volume data set, by selecting a 12-slice display mode available on the machine to ensure the entire LV cavity and wall were included in the full volume. Data sets were stored digitally in raw data format and exported to a separate workstation (Echopac, PC 110.1.1, GE Healthcare) equipped with a commercially available software (4D Auto LVQ software, GE Healthcare) for off-line analysis of LV volumes, EF, LV mass, and 3D STE deformation parameters. LV analysis was performed according to a previously described methodology, 23, 24 with automated identification of the endocardial border both at end diastole (LV EDV) and end systole (LV ESV) with manual adjustment of endocardial borders when the tracing was considered insufficient. By the reported approach, LV EDV (mL) and LV ESV (mL) were calculated and stroke volume (SV) (EDV 2 ESV) as well as EF [% ¼ (EDV/ESV)/EDV × 100] derived. LV mass (3DLVM) [(LV epicardial volume 2 LV endocardial volume) × 1.05] was estimated at end diastole using automated border detection with optional manual adjustment. Left ventricular mass index (3DLVMI) was derived by dividing raw values for BSA. 3D LVM/EDV was calculated as an index of LV geometry. 3D strain is a post-processing tool that tracks 'speckles' in a 3D image from frame to frame in any of the three dimensions over time. By this software, the borders defined in LV mass stage are propagated to end systole, using the conservation of mass as a restriction, and used to define a region of interest (ROI) encompassing LV myocardial wall. All areas inside the ROI (i.e. from the endocardium to the epicardium) are tracked. The quality of each match is automatically calculated, and outliers are removed before obtaining weighted spatial averaging of the results. From the tracking results, regional and global directional strains (longitudinal, circumferential, and radial) as well as area strain are generated and presented as strain curves and a colour-coded 17-segment bull's eye plot. In our study, if .3 of 17 segments were rejected, average strains were not calculated and the given patient was not considered for analyses. Contrary to directional strains, which are calculated from changes of distance in their respective directions, area strain (AS) is a measure of the relative percentage change in the area of a given myocardial segment, thus representing the percentage change of the myocardial surface from its original dimensions. AS is defined as AS ¼ 100 × (A 2 A0)/A0-where A is the instantaneous segmental area and A0 is the end-diastolic area-thus involving the greatest part of F. Lo Iudice et al.
myocardial (at least endocardial and mid-wall) thickness. Notably, area strain has the advantage to represent a combination of longitudinal and circumferential strain in addition to shear strain. 25 Radial strain (RS) is defined as RS ¼ 100 × (R 2 R0)/R0, where R and R0 are the instantaneous and end-diastolic wall thickness, respectively. 24, 26 Assuming volume conservation, RS was estimated from the segmental areas as RS ¼ 100 × (A0 2 A)/A. GLS, GCS, global area strain (GAS), and GRS were calculated as weighted averages of the regional values from the 17 myocardial segments. The reproducibility (intra-and interobserver variability) of 3D-derived LV deformation of our laboratory was previously reported, it being optimal for GLS, GCS, GAS, and GRS. 24 In a subset of 10 subjects (5 athletes and 5 controls) of the present study, we also tested biological reproducibility (day-to-day variability with the second echo exam repeated after 3 days by the same operator), it showing good intra-class correlation (rho coefficients . 0.790, P , 0.0001) for all the four strain components.
Statistical analysis
Statistical analysis was performed by SPSS package, release 12 (SPSS Inc., Chicago, IL, USA). Data are presented as mean value + SD. Intergroup comparisons were performed using ANOVA. Pearson's correlation was used to evaluate univariate correlates of a given variable. Multiple linear regression analysis was used to identify the independent correlates of 3D strain components. The null hypothesis was rejected at P ≤ 0.05. While performing univariate and multiple linear regression analysis, values of GLS, GCS, and GAS were considered as 'positive' (sign +) in order to homogenize the results of analyses and strengthen their clinical meaning: the higher values the better strain deformation independent on the plus/minus sign.
Results
Clinical characteristics
The two groups were homogeneous for age and systolic and mean BP. BSA was higher in AT than in NC (P ¼ 0.007). Diastolic BP (P ¼ 0.032) and HR (P , 0.0001) were lower in AT ( Table 1) .
Standard Doppler echocardiography
AT had larger LV end-diastolic and end-systolic diameters (both P , 0.0001) and higher LV mass (P , 0.0001) compared with NC, while relative wall thickness did not differ between the two groups. LAVi was also greater in AT (P , 0.0001). Among LV diastolic parameters, only E/e ′ ratio was lower in AT compared with NC (P ¼ 0.022) ( Table 2) .
Real-time 3D echocardiography LV EDV, ESV, and SV were greater (all P , 0.0001) in AT compared with NC. LV EF was slightly higher in AT compared with NC (P ¼ 0.04). 3DLVM and LVMi (both P , 0.0001) were also greater in AT compared with NC but LVM/EDV ratio did not differ between the two groups ( Table 3) . 3DSTE analysis showed significantly higher values of GLS (P , 0.0001), GCS (P ¼ 0.006), and GAS (P , 0.0001) in AT, whereas GRS did not differ between the two groups. Figure 1 depicts the 3D-derived strain components in an endurance athlete from our case series (rower).
Univariate analysis was performed to identify correlates of 3D directional strain components with variables that differed Three-dimensional strain in top-level athletes significantly between AT and NC and with 3DLVM/EDV ratio as an indicator of LV geometry. GLS was inversely correlated with diastolic BP (P , 0.001) and HR (P , 0.0001), and positively related with 3DLVM (P , 0.0001); similarly, GCS was significantly associated negatively with diastolic BP (P , 0.0001) and HR (P , 0.0001), and positively with 3DLVM (P ¼ 0.014) and SV (P ¼ 0.034). GAS was also associated negatively with diastolic BP and HR, and positively with 3DLVM (all P , 0.0001). Likewise, GRS was associated negatively with diastolic BP (P , 0.0001), HR (P , 0.0001), and positively with 3DLVM (P ¼ 0.015); LVM/EDV was significantly associated only with GAS ( Table 4) . Separate multiple linear regression models were built to identify determinants of the different strain components in the pooled population by including BSA, diastolic BP, HR, 3DLVM, and SV as covariates ( Table 5) . By these analyses, GLS was independently associated with HR (P , 0.002) and LVM (P ¼ 0.009), while BSA, diastolic BP, and SV did not enter the model. GCS had independent association with diastolic BP (P , 0.0001) and HR (P ¼ 0.007) but not with LVM and SV. GAS was independently associated with HR (P , 0.001), LVM (P , 0.001), and diastolic BP (P ¼ 0.006), whereas the association with BSA and SV was not statistically significant. GRS was independently associated with diastolic BP (P , 0.0001) and HR (P ¼ 0.019). In subsequent models, by replacing 3DLVM with EDV, the latter was independently associated with GCS (b ¼ 20. 
BSA, body surface area; DBP, diastolic blood pressure; HR, heart rate; LVM, LV mass; EDV, end-diastolic volume; SV, stroke volume; GLS, global longitudinal strain; GCS, global circumferential strain; GAS, global area strain; GRS, global radial strain. Values of GLS, GCS, and GAS considered as 'positive' (sign +) to build the univariate relations in order to homogenize the results of analyses and strengthen their clinical meaning: the higher values the better strain deformation independent on the plus/minus sign.
Discussion
By using real-time 3D echocardiography, the results of the present study demonstrate that (i) in presence of marginally greater LV EF, endurance athletes have increased GLS, GCS, and GAS but not GRS, (ii) HR is independently associated with all the strain components, it being the main determinant of GLS and GAS, (iii) low diastolic BP is associated with higher GCS, GAS, and GRS, (iv) 3DLVM is an independent determinant of GLS and GAS (positive associations) whereas LV EDV is independently associated with GCS and GRS (negative associations), and (v) SV is not independently associated with any of the 3D-derived strain components.
In accordance with some studies 5, 6, 10 and in disagreement with others, 8,11 -16 the competitive endurance athletes of the present study showed higher GLS and GCS in comparison with sedentary controls. Also GAS-i.e. the percentage variation of myocardial area during the cardiac cycle, which encompasses longitudinal and circumferential function of subendocardial and mid-wall layers 24 -26 -was higher in athletes. Conversely, GRS did not differ significantly between our athletes and controls, it appearing therefore not be involved in the process of supernormal myocardial function at rest. As expected, myocardial deformation features of our athletes were combined with larger LV volumes and LV mass but also with greater SV and EF. Worthy of note, LVM/EDV ratio, widely used as an index of LV geometry, did not differ significantly between the two groups. This finding is in agreement with cardiac MRI studies in athletes 27 -29 and consistent with a balanced LV hypertrophy of the athlete's heart.
In order to investigate determinants of 3D-derived myocardial deformation, we tested the association of strain components with parameters that differed significantly between the two groups, such as BSA, HR, diastolic BP, SV, and 3DLVM. By univariate analyses, negative associations emerged between HR and all of the strain parameters, which were, on the other hand, positively associated with 3DLVM. Also diastolic BP was negatively correlated with GLS, GCS, GAS, and GRS, while SV correlated significantly only with GCS. BSA did not appear to be associated with any of the directional strain components.
Separate multiple linear regression analyses, performed to identify independent associations of LV deformation in the pooled population, further strengthened our results. Of interest, we tested the independent associations of the different strain components by including alternatively 3DLVM or LV EDV, i.e. the variables of LVM/ EDV ratio, among the potential contributors.
By these analyses, BSA confirmed to be not associated with 3D myocardial strain. Accordingly, training-induced enhanced myocardial properties do not appear to be driven by increased body size itself.
HR emerged as an independent predictor of all the strain components and in particular of GLS and GAS, a finding that extends to LV systolic function, previous observation showing the beneficial impact of low HR on diastolic properties. 19 Since sinus bradycardia at rest is widely considered to be an index of parasympathetic tone, neurohormonal regulation could be believed responsible of athlete's enhanced myocardial function. Indeed, an association of HR variability-an index of vagal tone 30 BSA, body surface area; DBP, diastolic blood pressure; HR, heart rate; LVM, LV mass; SV, stroke volume; GLS, global longitudinal strain; GCS, global circumferential strain; GAS, global area strain; GRS, global radial strain.
Values of GLS, GCS, and GAS considered as 'positive' (sign +) to build the univariate relations in order to homogenize the results of analyses and strengthen their clinical meaning: the higher values the better strain deformation independent on the plus/minus sign.
mouse models clearly demonstrated that resting bradycardia in trained animals is still evident after a complete autonomic blockade. 31 It is therefore conceivable that athlete's bradycardia is the result of ion channel remodelling of sinus node (down-regulation of the funny channel HCN4) much more than an expression of high vagal tone itself. Diastolic BP, a crude index of afterload, emerged as an independent predictor of GCS, GAS, and GRS but not of GLS. Circumferential deformation of mid-wall fibres and RS could be therefore beneficially influenced-more than longitudinal function-by reduced afterload in endurance athletes. Of note, an association of GRS with indices of afterload was previously found in experimental studies. 32 On the other hand, our findings are discordant from another observation showing an association between afterload and GLS in a population that included, however, pathological conditions such as coronary artery disease, dilated cardiomyopathy, and liver cirrhosis. 33 None of the strain components was independently associated with SV, and even the univariate association found between SV and GCS disappeared in the multiple regression analysis. However, SV could be considered questionable as an index of preload and the hypothesis of a load independency of myocardial strain remains difficult to sustain. In experimental studies, GLS was related with both preload and afterload changes. 34 In humans, GCS (but not GLS) was associated with load variations in a population free of LV dysfunction. 35 GLS was strongly related with SV in patients with advanced heart failure referring for cardiac transplant assessment. 36 It is therefore conceivable that strain components of supernormal heart during exercise could become more dependent on SV changes, these latter being also the expression of progressively reduced LV ESV. The positive independent associations of 3DLVM with the magnitude of GLS and GAS (but not with GCS and GRS) is a practical demonstration of the influence exerted from physiological LV hypertrophy on myocardial function of the athlete's heart. This behaviour is opposite to that own of hypertensive heart, where longitudinal function has been shown to correlate negatively with LVM. 5, 24 Conversely, the absence of independent association between 3DLVM and both GCS and GRS of the present study is mirrored from the lack of adverse impact of 3DLVM increase on these deformation components reported in the hypertensive heart. 5, 24 Worthy of note, the replacement of 3DLVM with LV EDV in the multivariate models showed independent negative association of EDV with both GCS and GRS, i.e. the two strain parameters not influenced by 3DLVM.
Limitations
Our study relies on only indirect and raw estimates of afterload and preload and only on static measurements, not being able to investigate the dynamic behaviour of strain components with load variations. This is a potential limitation in competitive athletes subjected to frequent and intensive modifications of load conditions. However, the majority of the studies assessing the relations of myocardial deformation with load changes are experimental 34 or performed in diseased patients 33, 35 undergoing invasive procedures, a kind of evaluation not proposable in the athlete's setting. Another limitation corresponds to the lack of quantification of LV twisting and torsion. These measurements can be obtained by the most recent modern softwares of real-time 3D echocardiography, which were, however, not available in our workstations at the time of the study. Furthermore, our study did not provide functional data on the athlete's physical capability. Maximal oxygen consumption (VO 2max ), obtainable by cardiopulmonary exercise test, is expression of the aerobic capacity of the body, and relies largely on the efficiency of cardiovascular system. 37 The search of a relation between myocardial deformation at rest and VO 2max could have been useful for a better understanding of the impact of competitive training on the aerobic performance.
Conclusions
The left ventricle of endurance athletes is characterized by an increased myocardial function at rest as expressed by the better values of 3D deformation evaluated by real-time 3DSTE in comparison with sedentary normal subjects. Based on our results, we could speculate that this enhanced contractility is mainly elicited by subendocardial and mid-wall fibres, while the role of subepicardial layer could be marginal. Sinus bradycardia, increased LV massor reduced LV EDV-and low afterload emerge as independent predictors of competitive athlete's myocardial deformation at rest.
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